A series of samples of zeolite-containing microspheres (ZCMS) and fluid catalytic cracking (FCC) catalysts based on Prosyana (Ukraine) kaolin were synthesized in situ. Their adsorption and chemisorption characteristics were recorded using a nitrogen low-temperature adsorption/desorption method and temperature programmed desorption (TPD) of ammonia, respectively. It was shown that changes in the synthesis conditions had a considerable impact on the microand meso-porosity of the samples. A low-temperature band dominated the ammonia TPD spectra of the ZCMS samples, reflecting the retention of ammonia by the sodium cations of the zeolite acting as weak Lewis acid sites. ZCMS was found to display an appreciable activity in cumene cracking at 723 K.
INTRODUCTION
Fluid catalytic cracking (FCC) catalysts are probably the most significant, mass-produced modern catalysts (Hartman 1991; Avidan 1991) . They exist as microspheres of 40-100 mm diameter containing the acid form of Y zeolite as the active phase (Humphries et al. 1991; Li et al. 1997; Tanabe and Hölderich 1999) as well as mixtures of different oxides as a matrix.
FCC catalysts are circulated continuously in reactor/regenerator systems, thereby undergoing considerable deterioration (Roelofsen 1991) both in the reactor (at 723-773 K for a few minutes) and especially in the regenerator (at 973-1083 K under considerable steam pressure for 25-30 min). One of the very important factors that enhance the thermostability of FCC catalysts is the matrix component (Jacobs 1977; Khadgiev 1982; Bremer et al. 1985) and the strength of its linkage with the zeolite component (Patrylak et al. 1999a . To a large extent, this is determined by the method of catalyst preparation, viz. either by mixing the previously synthesized acid form of the zeolite with the matrix component followed by spray-drying the homogenized mass to form microspheres, or through in situ synthesis of the zeolite in the initially formed microspheres. In the latter case, kaolin is used for the preparation of such microspheres. Since kaolin is in essence the pure mineral kaolinite, it is composed of aluminium and silicon oxides, i.e. Al 2 O 3 SiO 2 2H 2 O or Al 4 (OH) 8 [Si 4 O 10 ], as with a zeolite.
Of the two methods of preparation mentioned above, the second is particularly attractive for Ukraine which consumes FCC catalyst but, despite possessing very rich sources of high quality kaolin, unfortunately does not have its own means for the production of both catalysts and zeolites. For this reason, a microspherical zeolite-containing catalyst has been synthesized which has been shown to rank well with modern FCC catalysts (Patrylak et al. 1999b) .
The aim of the present work was to study the adsorption properties of zeolite-containing microspheres (ZCMS) obtained on the basis of Prosyana (Ukraine) kaolin as well as to investigate the changes occurring during the activation of such microspheres to form catalysts.
EXPERIMENTAL
Kaolin consisting of 97 wt% kaolinite and 0.35 wt% iron oxide (see Table 1 ) and containing ca. 50% sub-micron particles ( Figure 1 ) was used as the starting material for the preparation of microspheres. The kaolin suspension (slurry) was obtained by mixing approximately equal parts by weight of kaolin and water using sodium pyrophosphate (1 wt% relative to kaolin) as the dispersing agent. The slurry was sprayed by means of a spray disk into a rising flow of air at 573-773 K using a set-up capable of an hourly production of 100-150 kg microspheres. Synthesis of the ZCMS was performed as follows (Patrylak et al. 1999b; Patrylak 2000) . The kaolin microspheres obtained were divided into two parts, each being calcined at 1003 K and 1273 K for 2 h to convert the parent kaolin into meta-kaolin (MK) and a mixture of reactive silica with an aluminium silicate spinel (RSASS), respectively. Both parts (RSASS/MK weight ratio = 0.7-0.9) were then suspended in an aqueous solution of NaOH (16-20 wt%) maintaining the Na 2 O/ Al 2 O 3 ratio within the range 0.6-0.8. The suspension was heated at 293-313 K for 4-6 h with slight stirring, following which additional amounts of RSASS and NaOH solution were added to the system to provide the necessary proportions of interactive components for NaY zeolite crystallization. Heating the system at 353-373 K for 20-48 h resulted in the formation of NaY in the microspheres as a result of the presence of kaolin, silica and alumina. During such hydrothermal treatment, an appreciable amount of silica leached from the microspheres, thereby increasing the dimensions of the cavities within their structures. The ZCMS obtained was separated from the sodium silicate mother liquor using a Buchner funnel and washed.
An alternative method of ZCMS preparation was also employed. In accord with the above method of preparation, the mixture of MK and RSASS in a weight ratio of 0.4-0.6 was used as a solid reactant together with liquid glass (modulus 2.85), an aqueous solution of NaOH and a mature amorphous quenched seed (MAQS) as the liquid reactant. The MAQS was prepared according to the method of Dight et al. (1991) from a mixture of four constituent parts, i.e. aqueous solutions of sodium aluminate (18.2 wt% SiO 2 , 14.6 wt% Na 2 O, 0.1 wt% Al 2 O 3 ) plus an additional amount of distilled water. The weight ratio of these constituent parts was maintained as 16:1:25:3.2. Before being used as an MAQS, the liquid mixture was aged for 6 h at 312-315.5 K. In our experiments, the MAQS averaged up to 10 wt% in the liquid reactant and the ratios of the main components in the starting suspension were: Na 2 O/SiO 2 = 0.55-0.60; SiO 2 /Al 2 O 3 = 8-12; H 2 O/Na 2 O = 20. Zeolite synthesis was undertaken for 15-20 h at a temperature of 372-375 K, the resulting suspension being filtered and washed as described above.
The ZCMS samples were converted to catalysts by exchanging the zeolite sodium with ammonium ions and subsequent calcination of the NH 4 forms to the hydrogen varieties (Patrylak 2000) . The samples thus obtained were examined by XRD (DRON-2.0, former USSR model, Cu Ka radiation) to evaluate their zeolite phase content, using both literature (Breck 1974 ) and our own calibrated data.
The adsorption properties of the prepared samples as well as others that were comparable were studied via low-temperature (77.4 K) nitrogen adsorption/desorption isotherms measured using an ASAP-2000M instrument supplied by the Micromeritics Instrument Corp., Norcross, GA, USA. The specific surface areas (S BET ) were calculated according to the BET method (Gregg and Sing 1982) utilizing the nitrogen adsorption data at P/P 0 values between 0.06 and 0.2, where P and P 0 are the equilibrium and saturation pressures of the gas. Average pore diameter ( -D) values were estimated using the S BET values and the pore volume, V p , calculated at P/P 0 = 1, -D = 4V/S BET . The micropore volumes (V micro ) were estimated using the de Boer t-plot method (de Boer and Broekhoff 1967, 1968) , while the pore size distributions for the adsorbents studied were calculated from the adsorption data using the Barrett-Joyner-Halenda (BJH) approach (Barrett et al. 1951) together with the values of the mesopore specific surface areas (S meso ) and the mesopore volumes (V meso ) obtained from the data for the adsorption branch.
The acid properties of the ZCMS samples prepared were examined by means of ammonia temperature programmed desorption (TPD) (Patrylak 1999) and their catalytic properties via cumene cracking experiments employing the pulse method (Patrylak 2000) .
RESULTS AND DISCUSSION
Four ZCMS samples were prepared, i.e. 1 and 1¢ according to the first method of synthesis described above and 2 and 3 according to the second. Using the 1 and 1¢ ZCMS samples, catalysts 1c and 1¢c were obtained, respectively. The zeolite phase contents in 1, 1¢, 2, 3, 1c and 1¢c as obtained from XRD data were 39, 40, 35, 55, 17 and 19 wt%, respectively. The SiO 2 /Al 2 O 3 ratios for the zeolite phases in samples 1, 1¢, 2 and 3 were found to be 4.5, 4.64, 3.6 and 4.0, respectively.
For comparative purposes, a number of commercial samples were also studied, viz. an NaY zeolite (sample 4) from the joint-stock company 'Sorbent' (Nizhniy Novgorod, Russia), an NaY Linde LZ-Y52 zeolite (Triantafillidis et al. 2000 ) (sample 5) as well as catalysts obtained from the Engelhard Corporation (sample 6), the Grace/Davison Corporation (sample 7) and the Ufa (Russia) catalyst factory (sample 8). XRD data showed that the zeolite phase contents for the last three samples were 15, 10 and 11 wt%, respectively.
The nitrogen adsorption/desorption isotherms for samples 1-3 and 6 depicted in Figure 2 demonstrate the existence of equilibrium Langmuir branches at low P/P 0 values and hysteresis loops over higher values, i.e. in the mesopore range. Such isotherms are typical for zeolite particles embedded in a matrix phase. However, the isotherm for sample 4, i.e. NaY of Russian production, was somewhat different. In this case, hysteresis was far from clear although more appreciable than for the NH 4 NaY Linde LZ-Y62 zeolite (Triantafillidis et al. 2000) (unfortunately, in the latter case, the authors did not present the isotherm for their NaY material which is indicated above as sample 5). Hence, sample 4 was characterized by appreciable mesoporosity. The isotherm for sample 1 (shown separately in Figure 1 ) was distinguished from the others by the heightened value of V a resulting from the capillary condensation of nitrogen in the mesopores which constituted much of the total volume. From a comparison of the shapes of all the isotherms presented in Figure 2 , it may be deduced that sample 6 had the lowest micropore volume while the NH 4 NaY Linde LZ-Y62 sample had the greatest. However, the total pore volume (V p at P/P 0 = 1) was highest for sample 1 and lowest for sample 6. Table 2 summarizes the main adsorption characteristics of samples 1-6. Figure 3 presents (a) the integral and (b) differential dependencies of the pore volumes for samples 1, 2 and 6 on their corresponding pore diameters. As can be seen, these curves are of the same kind. Nevertheless, sample 2 may be distinguished from the others in possessing the smallest content of pores with diameters greater than 100 Å, while sample 1 contained mesopores of a larger size diameter (70 Å) than samples 2 and 6 (50 Å).
The ammonia TPD curves (Figure 4) for ZCMS samples 2 and 3 (as well as for sample 4) are of the same type, in contrast to the wide acid spectrum observed for the catalyst (sample 6). In fact, the TPD curves for the first three samples are distinguished in possessing only a low-temperature band which may have resulted from ammonia retention in the zeolite/matrix system. As the zeolite content in a given sample increased, the release of ammonia was hindered to an increasing extent as a consequence of its stronger retention by the zeolite phase (principally by sodium cations acting as weak Lewis acid sites) causing a shift of the band towards higher temperatures. However, the fact that some ammonia is retained at temperatures up to 773 K indicates the possibility that even strong acid sites were available on the surfaces of samples 2-4. Figure 5 (a) depicts the chromatograms for the first few cumene pulses on sample 1 as measured at 593 K. The cumene in the first pulse was taken up entirely by the ZCMS, following which an increasing overshoot of cumene may be observed without any signs of cracking. However, as shown in Figure 5(b) , after heating the sample to 723 K the normal range of products was generated, i.e. propene, benzene, toluene, an unidentified component (probably ethyltoluene), unconverted cumene and linear propylbenzene. From the data listed in Table 2 it will be seen that the microspherical particles may be sub-divided into two pairs if the ratios of the mesoporosity on the one hand and of the microporosity on the other hand are compared. The first pair consists of samples 1 and 6 possessing a considerable fraction of mesoporosity (the mesopore surface area, S meso , being about half the value of the micropore surface area, S micro , whereas the mesopore volume, V meso , is about twice as large as the micropore volume, V micro ,) while the second pair consists of samples 2 and 3 where the corresponding fraction is much less (only 11-14% when the surface areas are compared and 35-40% if the volumes are compared). The average pore diameters, -D, of samples 2 and 3 were within the range of relative values exhibited by samples 4 and 6. At the same time, comparison of the data for samples 1 and 6 shows that they both had average pore diameters which were close to each other as well as having a considerable fraction of mesoporosity, despite sample 1 containing three-times as much of the zeolite phase as sample 6 (39% and 11%, respectively). For this reason, it is to be expected that the kinetic-diffusional parameters of these samples would be close to each other.
It is not surprising that samples 4 and 5 were characterized by a very low mesoporosity, since they consisted of aggregates of single microcrystals (or rather conglomerations of the latter) with the predominant dimension of such single crystals being of the order of 1 mm (Breck 1974) . Such conglomerations will not only contain a certain meso-and macro-porosity but some artificial (nonstructural) microporosity as well. This is suggested by the fact that the BET specific surface area of NaX single crystals of 50-100 mm dimensions grown under special conditions (Bogomolov and Petranovsky 1986) was only 645 m 2 /g, with a micropore volume of 0.261 cm 3 /g (Patrylak et al. 2000b) . The values of the outer surface areas observed for single crystals leads to the possibility that considerable distortion exists in the meso-and macro-pore characteristics of powdery (and not just powdery) samples, this distortion being greater the smaller the size of the single crystals involved in the conglomerations studied.
Nevertheless, it is beyond doubt that the meso-and macro-porous characteristics of the samples studied were dependent to a large extent on the method employed for synthesizing the samples. Sample 1 and 6 were prepared under similar conditions involving the removal of SiO 2 from the microspheres by NaOH to promote the development of meso-and macro-pores. Synthesis of the zeolite phase in samples 2 and 3 did not involve such efficient leaching of SiO 2 and hence these samples despite being microspherical exhibited adsorption properties which were close to those of the powdery samples 4 and 5.
A matter of considerable interest is the appreciable catalytic activity of ZCMS at 723 K ( Figure 5 ) and even at 673 K (Patrylak et al. 2000a,c) . From an ideal theoretical viewpoint (e.g. that of chemical composition), NaY zeolite should not exhibit any acidity. However, under practical conditions, synthesis of the zeolite is bound to involve the surplus NaOH present in any reaction mixture. Removal of this surplus alkali from the synthesized zeolite is not a simple procedure, inasmuch as the process of removal of any surplus sodium turns smoothly into the process of the loss of zeolite sodium (Patrylak et al. 2000b,d) . Rabo (1976) has linked some activity of NaY zeolite with protons from the aqueous phase that exchange with the sodium during zeolite washing.
Catalyst samples 1c and 1¢c were characterized by a level of acidity and activity which is usual for catalysts of this type (Patrylak et al. 1999b) ; nevertheless, sample 1¢c exhibited a much greater stability in cumene cracking than sample 1c.
The nitrogen adsorption isotherms for samples 1c and 1¢c shown in Figure 6 are similar in character and for this reason it is not surprising that the distribution of pores relative to their dimensions for these samples were similar (Figure 7) . Thus, the predominant mesopore diameters observed in passing from sample 1 to sample 1c were virtually unchanged, i.e. 70 Å, although the dispersion of the pore dimensions was somewhat narrowed and the fraction of pores of 70 Å diameter increased slightly (from 0.0047dV/dD to 0.0053dV/dD). The fraction of pores with intermediate dimensions (D = 20-30 Å), i.e. in the range between micro-and meso-porosity, increased considerably. The adsorption isotherm for sample 1¢c was somewhat different from the two discussed above and this was clearly reflected in the pore distribution dependencies for this sample. In particular, sample 1¢c contained a considerably larger fraction of pores of intermediate dimension: ca. 0.0018dV/dD relative to 0.0006dV/dD and 0.0012dV/dD for samples 1 and 1c, respectively (unfortunately the ZCMS sample 1¢ which was the source material for the preparation of catalyst sample 1¢c, was not subjected to similar adsorption studies).
The main adsorption characteristics of the synthesized samples 1c and 1¢c as well as of the comparative samples 7 and 8 are summarized in Table 3 . The contraction in the range of mesopore diameters during the transition from ZCMS (sample 1) to the catalyst (sample 1c) without a change in the predominant value of the mesopore diameter ( Figure 7) was a somewhat unexpected result. This may suggest that the most thermodynamically stable pores under the conditions of catalyst synthesis are those with this unique maximum diameter (ca. 70 Å) and that the structural changes during ion exchange and thermal treatment reflect this condition. The data recorded in Tables 2 and 3 as well as the mutual arrangement of the adsorption isotherms for samples 1 and 1c ( Figure 6 ) indicate that such changes are very considerable. In particular, during the transition from sample 1 to sample 1c, the value of the micropore surface area, S micro , decreased from 359.1 m 2 /g to 143.6 m 2 /g and a proportionate change of approximately the same magnitude occurred with the micropore volume, V micro (which changed from 0.158 cm 3 /g to 0.063 cm 3 /g). This suggests that the zeolite structure was more than half destroyed and that this resulted in the substantial increase in mesoporosity observed (the value of S meso changed from 176.5 m 2 /g to 204 m 2 /g whilst the mesopore volume, V meso , changed from 0.322 cm 3 /g to 0.366 cm 3 /g).
What is interesting with sample 1¢c as a catalyst is its increased stability in cumene cracking, as mentioned above. From the structural standpoint, sample 1¢c contained the greatest proportion of pores of an intermediate dimension (20-30 Å) (Figure 7) corresponding to the range between micro-and meso-porosity, as well as exhibiting the greatest total contraction in the pore distribution spectrum based on the average pore diameter, -D ( -D = 51.3 Å for sample 1c and 44 Å for sample 1¢c) (Table 3 ). This suggests that 'truncation' of the mesopore distribution peak for sample 1¢c (see Figure 7) should not be attributed to any 'omitted' apex point but actually reflects the true structural peculiarities of this particular sample.
Sample 1¢c is, in fact, particularly interesting when viewed against the comparative samples 4 and 6-8. The adsorption isotherms for these samples (see Figure 8 ) are very informative both in terms of their mutual arrangement and their shapes. Not unexpected, as a result of its low mesoporosity, the adsorption isotherm for sample 4 possessed a small hysteresis loop and exhibited only a limited increase in adsorption over the higher P/P 0 range. However, the adsorption isotherms for the commercial catalysts were different in shape. Such isotherms were the same for samples 6 and 7, exhibiting small hysteresis loops and increased final sections. In contrast, the isotherm for sample 8 was entirely different -a huge hysteresis loop with the slope of the isotherm being virtually invariant with scarcely any increase in the extent of adsorption over the higher P/P 0 range. The corresponding pore distribution functions ( Figure 9 ) demonstrate that samples 6 and 7 possessed considerably different mesoporosities, with sample 7 being characterized by a higher mesopore dispersion relative to their diameters. At the same time, the mesopore surface area, S meso , of sample 8 was ca. 20-times that of sample 7 (Table 3) , while the extent of the mesopore size distribution for sample 8 was much narrower than that for samples 6 and 7 (see Figures 7 and 9 ).
This suggests that the presence of a combination of high mesoporosity as existed in sample 8 and a widely dispersed mesoporosity as occurred in samples 6 and 7 in one and the same catalyst should produce a sample exhibiting high kinetic-diffusional characteristics. The disposition of the adsorption isotherm for sample 1¢c relative to those for samples 6-8, as well as its shape which involves a moderately sized hysteresis loop and an increased raised final part of isotherm ( Figure  8) , all provide evidence that sample 1¢c provides a good combination of the above adsorption characteristics. It is interesting that despite a ca. three-times difference in the total pore volume, V p , for samples 1¢c and 6 (see Tables 2 and 3) , which was mainly due to differences in their mesopore structure, both samples demonstrated roughly the same pore distribution function characteristics (Figures 7 and 9) .
Returning to the subject of the intermediate pore diameters which constitute the connection between micro-and meso-porosity, it should be noted that the relative content of such pores in samples 1¢c, 6 and 7 (Figures 7 and 9) amounted to approximately 0.0018dV/dD, 0.0006dV/dD and 0.00025dV/dD, respectively, i.e. sample 1¢c contained approximately three-times and 7-times as many such pores as samples 6 and 7. Such pores could well characterize the strength of the linkage between the zeolite and matrix components in the overall solid (Patrylak et al. 1999a . Thus, this linkage appears to be greatest for samples 1¢c and 6 since the zeolite phase in Figure 9 . (a) Integral and (b) differential pore size distributions of pores in the Engelhard sample (6), the Grace/Davison sample (7) and the Ufa sample (8).
these samples was allowed to grow within the matrix for the first sample and grown in a similar fashion in sample 6. Admittedly, sample 8 exhibited a corresponding value of 0.005dV/dD ( Figure  9 ) and must be ranked still higher according to this index, but the present authors did not know its method of preparation. However, sample 8 must be ranked below samples 1¢c, 6 and 7 as far as its other properties are concerned (Patrylak et al. 1999b ) and this diminishes its apparent merit. Hence, materials based on Prosyana kaolin are characterized by an optimal micro and meso structure as far as their catalytic properties are concerned, despite their considerable loss of crystallinity as a consequence of ion exchange and thermostabilization.
CONCLUSIONS
A series of zeolite-containing microspheres (ZCMS) was synthesized on the basis of Prosyana (Ukraine) kaolin and studied as a base for cracking catalysts. Depending on the synthesis conditions employed, it was possible to obtain a material which corresponded either to an up-to-date FCC catalyst with developed mesoporosity or to a powdery NaY zeolite with the normal microporous characteristics.
Conversion of ZCMS to a stabilized cracking catalyst led to a considerable increase in its mesoporosity due to the decrease in microporosity of this material. At the same time, some contraction of the mesopore distribution was observed.
Of the samples synthesized, the best were comparable with commercial catalyst samples obtained from Engelhard and Grace/Davison Corporations as well as with a sample from the Ufa catalyst factory. On the basis of its porous structure parameters, it was shown that the sample synthesized in situ from Ukrainian kaolin produced a near optimal catalyst. The different relative content of pores with dimensions intermediate between micropores and mesopores in the various samples suggests that the higher the content of such pores in a given material, the stronger the linkage between the zeolite and matrix phase.
